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interaction of the toroidal Fourier harmonics, thus a large number of included toroidal harmon- and particle sources and perpendicular heat and particle diffusivities are chosen such that the 77 background profiles do not change significantly during the simulation. The parallel particle dif-78 fusivity is set to zero, parallel particle transport is thus provided by convection only. The heat 79 diffusion anisotropy at the separatrix is about κ /κ ⊥ = 7 · 10 6 . Viscosity and resistivity have a The linearly dominant harmonics are n = 9 and n = 10. Energy is transferred from the dominant to the linearly subdominant harmonics, like n = 1 or n = 2, by nonlinear interaction.
Figure 3: Growth rates of the toroidal Fourier harmonics in a simulation with n = 1, 2, ..., 16. In the linear phase at the beginning of the exponential growth of the perturbation, the harmonics grow at constant growth rates and independently of each other. Subsequently, the growth rates of the linearly subdominant harmonics increase due to nonlinear interaction between the different toroidal harmonics. At the end of this early nonlinear phase, the growth begins to saturate.
Nonlinear evolution of the toroidal harmonics

85
The time evolution of the toroidal ELMy discharges in TCV the toroidal mode structure of the magnetic perturbations has been 114 found to be often dominated by low mode numbers, in particular by the n = 1 component [11] .
115
The magnetic diagnostics in ASDEX Upgrade are not suitable for the detection of low-n har-116 monics 4 such that it is unclear at present if this phenomenon is also found here. 
4 The pick-up coils in ASDEX Upgrade cover only a part of the toroidal circumference. Full coverage would be required to resolve an n=1 component, as the growth rate of the mode is comparable to the rotation frequency. Moreover, the pick-up coils measure the time derivative of the magnetic field perturbation which reduces the contribution of low-n harmonics to the signal. 5 A i is defined as √ E i , where E i is the total energy contained in the i th toroidal harmonic.
where γ i are the constant linear growth rates and γ i jk are the coupling constants. ones which nonlinearly drive a third harmonic, the relevant coupling constants can be isolated.
135
Six coupling constants remain, namely γ 1 9,10 , γ 2 8,10 , γ 3 7,10 , γ 4 6,10 , γ 15 7,8 and γ 16 7,9 .
136
Whereas the linear terms of Equations (1) cause an influx of energy into the system (from the 137 axisymmetric n = 0 part), the nonlinear terms only yield an exchange of energy among the 138 toroidal harmonics and should thus conserve the total energy. If this conservation of energy is 139 taken into account, for each non-zero γ i jk also γ j ik and γ k i j have to be included into the model and
has to be fulfilled at any time by the system of equations (1) omitting the linear terms. Equation
141
(2) results in additional constraints for the coupling constants such that, taking into account 142 energy conservation, twelve free coupling constants remain. As will be seen later, the additional 143 terms necessary to ensure energy conservation only play a role at the very end of the early 144 nonlinear phase.
145
The free coupling constants can be obtained by fitting the time evolution of the energies con- It can be seen how the low-n part of the spectrum increases significantly and the energies become comparable to those of the linearly dominant harmonics. The plot shows the results of two different versions of the model, one has six free coupling constants (x) and the other one has twelve free coupling constants in order to account for energy conservation (+). The results of the simple model do not deviate from the more accurate one except at the end of the early nonlinear phase.
constants were taken into account. From the excellent agreement using only few free parameters, it can be concluded that the early nonlinear evolution of the toroidal Fourier spectrum is indeed 157 determined by quadratic coupling. Furthermore, it can be seen that the nonlinear growth of a 158 driven harmonic is mainly dominated by one single nonlinear coupling term only 7 . As a linearly 159 growing harmonic evolves as A j (t) = A j,0 exp(γ j t), it follows thus from Equation (1) for the 160 growth rate of the nonlinearly driven harmonic that γ i,nonlinear = d log A i /dt = γ j + γ k , i.e., the 161 nonlinear growth rate of the driven harmonic equals the sum of the growth rates of the two 162 driving harmonics.
163
The time evolution of the energy spectrum from JOREK (solid lines) and from the simple inter- terms only play a role at the end of the early nonlinear phase.
173
The simple interaction model has also been tested on two JOREK simulations with only four is the normalized equilibrium poloidal magnetic flux. Contours at 50% of the maximal value of the absolute value of the poloidal magnetic field perturbation are plotted in mauve for the n = 9 component and in dark red for the n = 10 component for comparison. In the linear phase, the n = 1 toroidal harmonic extends far into the plasma core. In contrast, in the early nonlinear phase, it is radially localized at the plasma edge where also the n = 9 and n = 10 are maximal. The poloidal position of the n = 1 on the low-field side in this phase corresponds to the poloidal region where the n = 9 and n = 10 are in phase. where the n = 1 harmonic is the only included toroidal harmonic, the perturbation grows rigidly 192 preserving this structure 8 .
193
In contrast to the simulations with only one included toroidal harmonic, in the simulations with 194 n = 1, 2, .., 16 the structure of the n = 1 does not continue to grow rigidly. When the growth rate 195 of the n = 1 starts to increase due to nonlinear coupling, its structure changes significantly. After Note, that at very low energies at the beginning of the growth, the structure of the n = 1 is still oscillating both in the simulation with n = 1, 2, ..., 16 and in the simulation with only n = 1. But the further time evolution of the n = 1 only simulation shows, that the structure plotted in Figure 6 (a) later becomes a rigidly growing structure. 9 The poloidal angle where this is the case of course depends on the chosen toroidal position. thus not supported by the simulations, as nonlinearly, the n = 1 becomes highly localized at the 239 edge. Nevertheless, strong low-n components could couple easier to core instabilities having a 240 similar toroidal structure, such as neoclassical tearing modes.
241
As a next step, it would be interesting to render simulations with more realistic values for vis- 
